Abstract Ceramic matrix composites have been identified as a potential material of core structure for the fourth generation of fission nuclear reactors. Regarding their excellent mechanical behavior in very harsh conditions (high temperature and high irradiation flux), the CVI-SiC f /SiC composites with pyrocarbon interlayer are of prime interest for the fuel cladding in the gas-cooled fast reactor. Although the working atmosphere is helium in these advanced reactors, the presence of oxidizing impurities could have a significant role on the mechanical behavior of materials subjected to long-term exposures. Within this framework, this study was intended to investigate the influence of oxidation on the SiC f /SiC composites mechanical properties. Different pre-damage states were intentionally introduced by mechanical tensile tests on plate specimens before performing an oxidation treatment of 1,000 h at 1,000°C under helium with 10 ppm of O 2 . The degradation of the composite was determined from the mechanical behavior of post-exposure specimens. Results were correlated both with microstructural observations of the damage and with characterizations of the generated oxides at the surface of the composites. The most severe decline of mechanical properties occurs for the higher predamaged loadings. Indeed in this case, the silica formed during the oxidation of SiC is not in sufficient quantities to fill the cracks.
Introduction
Silicon carbide fiber-reinforced composites (SiC f /SiC) are considered attractive for applications to nuclear services for their outstanding features including elevated temperature, strength, chemical inertness, stability in irradiation environments and corrosion resistance [1, 2] . Over the past decade, significant progress has been made towards both the manufacturing process and the development of what is now considered as a nuclear grade composite, composed of high purity and dense fibers, CVI-SiC matrix with a pyrolitic carbon (PyC) interlayer [3, 4] .
The recent progress confirms the potential of innovation for these composites as cladding materials for the next generation of fission nuclear reactor, particularly for the gas-cooled fast reactor (GFR) that is referred in the present study. However, although the working atmosphere is helium, presence of oxidizing impurities could have a significant role on the mechanical holding of materials for a long exposure duration. The oxidation of the pyrocarbon coating that confers on the composite a damage-tolerant behavior could occur at 1,000°C and lead to interfacial degradations resulting in a decrease of the mechanical properties [5] .
In high temperature environments under helium atmosphere, it has been determinate that the active oxidation of SiC is possible above 1,000°C from low partial pressures in oxidizing species such as oxygen O 2 (P O 2 \10 À1 Pa) [6] . In this regime, a gaseous oxide is formed according to the reaction (1) that results in a mass loss. In contrast, if the oxidant partial pressure is high enough, a paralinear oxidation of SiC occurs to form a homogenous and protective layer of silica (SiO 2 ) on the surface material, according to the two reactions (2) 
The passive regime is of particular interest to protect the PyC weak interphase against oxidation. In such a condition, a consummated part of the incoming oxygen is expected which has the effect to limit the access to the interphase by sealing the matrix microcracks with a SiO 2 oxide phase.
This study is intended to evaluate the influence of the oxidation on the SiC f /SiC composites mechanical properties, subjected to GFR environment in normal temperature range at atmospheric pressure. Different pre-damage states were intentionally operated by tensile testing plate specimens before performing an oxidation treatment of 1,000 h at 1,000°C under helium with 10 ppm of O 2 . Postexposure mechanical tests were performed at room temperature to investigate the effect of corrosion on the ultimate tensile properties.
Materials and Test Specimens
The composite material investigated was chemically vapor-infiltrated SiC matrix and reinforced with interlock woven fabric (2.5D, contexture: 30 yarns/cm in warp direction, 40 yarns/cm in weft direction). Hi-Nicalon TM Type S SiC fibers were used; the composite was manufactured by CEA Saclay (DEN/DMN). A single PyC interlayer was deposited with thickness less than 100 nm. The fiber volume fraction, as reported by the composite manufacturer, is 32 %. A representative polished cross-section of the composite is shown in Fig. 1 .
Six test specimens were machined from two composite plates so that the loading direction was parallel to one of the fiber orientations (weft direction). The geometry was rectangular, dimensions of the specimen's gauge section were 180 mm (l) 9 23 mm (w) 9 1.5 mm (t). 
Tests Procedures
Pre-Damage
The plate specimens were monotonically loaded in tension at room temperature (RT)with a cross head speed of 0.1 mm/min, at various stress values (118, 173 and 270 MPa) corresponding to different damaged states of interest in regard to the stress-strain curves obtained on the as-received material. The aim of the predamage is to generate a controlled microcracks network in the matrix, thus facilitating the ingress of the oxidizing species.
Corrosion Tests
Oxidation tests were carried out on the CORINTH experimental set-up (CEA Saclay, DEN/DPC) during 1,000 h at the constant temperature of 1,000°C. Four specimens were exposed in a quartz tube reactor to the flowing gas (100 NL/h) composed of helium with 10 ppm of O 2 ( Fig. 2 ). They were heated at a rate of 5°C/ min under pure helium, the total pressure inside the furnace was maintained at 1.25 bar. At the quartz tube outlet, the concentration of the oxygen as well as the formed gases was analysed all along the treatment by Gas Phase Chromatography (CPG) with helium detector.
Characterization of Specimens after Exposure
Post-exposure tensile tests were performed on the plate specimens at CEA Grenoble (LITEN/DTBH). The composites were tested up to failure at RT in a servohydraulic testing machine (INSTRON) equipped with self aligning grips at a crosshead speed of 0.1 mm/min. Longitudinal deformations were measured using both extensometer mounted on a lateral face (gauge length: 25 mm) and eight strain gauges (0°/45°/90°) stuck on the front and rear faces. During the tests, some unloading/loading cycles were performed until material breaking. The residual strains, the hysteresis loops and the damage progression were extracted from the experimental curves and exploited to give information about the state of the fibermatrix bond. After mechanical testing, polished cross sections were prepared perpendicular and parallel to the loading direction for examinations using an optical and scanning electron microscope (OM, SEM), as well as the fractured surfaces by SEM. Finally, the thickness and the chemical composition of the oxide phase formed at the composite surface were determined using respectively Auger electron spectroscopy (AES) and X-ray photoelectron spectroscopy (XPS).
AES measurements were made on a VG MICROLAB 310-F apparatus equipped with a field emission gun and an Ar ? ion sputtering gun for depth profiling. The variation of the intensities of the Auger electron peaks (KLL transition) as a function of the sputtering time was used to plot the semi-quantitative compositiondepth profile from the sample surface.
XPS analyses were achieved with a VG Scientific 220 i-XL ESCALAB spectrometer. The X-Ray source was a monochromatized AlKa radiation with an energy of 1.486.6 eV at 70 W. A pressure of 10 -7 Pa was maintained in the chamber during analysis. The spot size was around 180 lm in diameter. The full spectrum (0-700 eV) was obtained with a constant pass energy of 150 eV and high resolution spectra at a constant pass energy of 20 eV. Charge neutralization was required when insulating samples were detected. An Ar ? ion gun was used to sputter specimen surfaces at low speed rate namely 0.2 nm/s. High resolution spectra were fitted and quantified using the AVANTAGE software provided by ThermoFisher Scientific.
Results

The Post-Exposure Mechanical Results
Two specimens were used to determine the mechanical properties up to failure for the as-received materials. The results of mechanical testing are reported in Table 1 . For all samples, the failures occurred in the gauge section that proves the relevance of the tests, including a good alignment for specimens. Figure 3 shows the typical obtained stress-strain curves which evidence several features. The shape of curves between the as-received materials and the treated specimens is similar. Thus, a non linear stress-strain behavior without a plateau is observed up to the ultimate failure. According to this behavior induced by matrix cracking, a continuous damage occurred in the composite up to its failure. The width of the hysteresis loops is narrow and the residual strains after unloading are very low which is characteristic of a high fiber-matrix load transfer and a strong interfacial shear stress.
Moreover, the results of post-exposure mechanical tensile testing allow to highlight a decrease of the stress and strain to failure from the composite that seems to be linked to the pre-damage stress, as soon as it is higher than about 118 MPa.
In order to describe the damage progression, the variation of the elastic modulus is measured from the slope of the tangent at the origin on the different stress-strain curves at each of the load-unload loops (Fig. 4) . Whatever the material, the elastic moduli decreased gradually during the test up to the ultimate failure. On these diagrams, it is instructive to compare the initial modulus of the aged composites with those of the healthy as-received materials. Thus, the exposed materials have an initial modulus similar or higher than the modulus of the as-received material. The result is consistent with the sealing of the pre-damage cracks with a silica oxide phase.
Nevertheless, when the pre-damage becomes significant (beyond 118 MPa in the present study), increasing the pre-damage stress leads to a decrease of the modulus of the aged composites faster than for the as-received material. This corresponds to a faster damage progression, certainly associated to local brittle ruptures of a few tows that results in a premature failure. The modulus values at failure, determinate using a linear extrapolation (horizontal line in Fig. 4 ) are compared with the theoretical modulus at failure E th of a 2.5D woven composite. It is calculated from the relation (4), considering that only the fibers oriented in the loading direction (weft direction), load-bearing:
where E f is the fiber modulus at RT (Hi-Nicalon TM type S fiber: 375GPa) and V f is the fiber volume fraction (32 %).
The extrapolated moduli remain significantly higher than the theoretical modulus E th , consolidating the assumption that the damage progression is not complete, as well for the as-received, as the aged composite.
According to previous works [7] , the variations of residual strains and the width halfway up of the hysteresis loops are then extracted from the mechanical curves after each unloading. The residual strains increase similarly for the as-received and the aged composite with a low pre-damage (Fig. 5) . The same evolution is shown in Fig. 6 for the hysteresis loop. This result seems to indicate that the fiber-matrix bond of the composites is not significantly affected. Despite the presence of cracking, the matrix could provide a protection to the PyC interlayer. Consequently, the fibermatrix load transfer remains efficient.
On the other hand, a difference of behavior between the strongly pre-damaged and the others is highlighted in the Figs. 5 and 6. The opening of the unloading/ loading hysteresis loop is comparatively found negative; the trend is enhanced with the second loop. The evolution of the residual strain after unloading is also reverse to that expected. A very rough fiber or matrix surface due to the formation of silica could perturb the free sliding of debonded fibers embedded into the matrix. A kind of spring should act on the fiber to force its replacement in its initial position.
Post-Exposure Observations
All the mechanically tested materials exhibit a non-brittle surface rupture characterized by fiber pull out (Fig. 7a) . However, it was noted in the exposure conditions specific to the furnace that oxidation seems to occur firstly at the edge of the composite: silica bonds the fiber to the matrix and brittle surfaces are locally observed with no pull out (Fig. 7b ). In the same order, SEM observations of the higher pre-damaged specimen exhibit many tows with a brittle failure surface (Fig. 7c ). The conclusion of SEM examinations reveals that the higher the pre-damaged loading is, the more important is the embrittlement: the failure surface becomes smoother with shorter fiber pull out lengths. Reversely, the self-healing process well known for the SiC f /SiC composite materials seems to be more efficient for thinner matrix cracks, created at lower pre-damaged loadings.
Characterization of the Oxides
The XPS analysis confirms the passive oxidation regime for the oxidation treatment. A characteristic peak corresponding to the silica formed on the surface of the composite is observed. The Si 2p 3/2-1/2 photoelectron peak collected for the oxidizing materials is shown in Fig. 8a . The components located at 103.5-104.1 eV were attributed to Si-O bonds in SiO 4 silica compound and the components located at 102.3-102.9 eV to Si-O bonds in Si-(O 2 C 2 ) compounds.
The oxide thickness measured from AES atomic depth profile (Fig. 8b) is around 40 nm for the 1,000°C, 1,000 h, He-10 ppm O 2 oxidized sample. A surface contamination is observed in the first atomic layer. 
Discussion
The measurements of the post-exposure mechanical properties after corrosion test at 1,000°C for 1,000 h under helium with 10 ppm of O 2 reveal that the SiC f /SiC composite mechanical behavior is affected. The strain to failure, the ultimate stress and the damage progression are modified. Also, the strain to failure of the composite decreases as much as the pre-damage is important. According to these results, a degradation of the fiber-matrix bond is highlighted.
Two scenarios were considered to explain the oxidation progression through a pre-damaged crack in the SiC matrix. A schematic mechanism, based on the silica formation on the surface of the oxidizing composites, is depicted in Fig. 9 . When the pre-damage is performed at a low stress level, a few minor matrix cracks are created with a slight opening (Fig. 9a) . So, during the relaxation of the stress, cracks close up that contribute to prevent the diffusion of oxygen into the bulk of the material. Assuming that the oxidation reaction of the SiC matrix occurs, the formed silica fills the pre-existent cracks and seals the material. In contrast, we explain the early failure observed for the high pre-damaged composites in comparison to the as-received ones by a local consumption of the pyrocarbon interlayer in front of cracks (Fig. 9b) . In this case, both the distribution and the width of cracks are increased making impossible the complete closing during the relaxation of stresses. As a consequence, oxidizing species can reach by diffusion up to the core of the composite. The silica content formed does not seem to be sufficient to form a cork and to be able to seal cracks. It locally results in a chemical degradation of the PyC interlayer and fibers.
The degradation mechanisms are in good agreement with results from a recent study conducted at CEA Saclay, emphasizing the dependence of the crack propagation with loading for CVI-SiC f /SiC minicomposites [8] .
Conclusions
This study is part of the fourth generation program researchof cladding materials for fission nuclear reactors, particularly the GFR. The aim of this study was to investigate the influence of oxidation on the SiC f /SiC composites mechanical properties. After ageing in an oxidizing environment during 1,000 h at 1,000°C under helium with 10 ppm of O 2 , the mechanical properties are found affected. The decrease of the strain to failure is particularly significant for composites having undergone an important pre-damage. Local embrittlements were observed on fracture surfaces, highlighted by flat breaking surface and failure of tows with no pull out.
In contrast, the corrosion-resistance capability of the SiC f /SiC composites is maintained when the pre-damage is low. In this case, the limitation of the diffusion of oxidizing species through the cracks network is related to the consumption of the SiC matrix to form a protective silica oxide phase. The PyC interlayer is no more attacked: a good retention of mechanical properties is preserved.
